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Miniaturized or even microscale generators that could effectively and persistently 
converse weak and random mechanical energy from environments into electricity 
promise huge applications in the internet of things, sensor networks, big data, 
personal health systems, artificial intelligence, etc. However, such generators 
haven’t appeared yet because either the current density, or persistence, or both of 
all reported attempts were too low to real applications. Here, we demonstrate a 
superlubric Schottky generator (SLSG) in microscale such that the sliding contact 
between a microsized graphite flake and an n-type silicon is in a structural 
superlubric state, namely a ultralow friction and wearless state. This SLSG 
generates a stable electrical current at a high density (~119 Am-2) for at least 5,000 
cycles. Since no current decay and wear were observed during the entire 
experiment, we believe that the real persistence of the SLSG should be enduring 
or substantively unlimited. In addition, the observed results exclude the 
mechanism of friction excitation in our Schottky generator, and provide the first 
experimental support of the conjectured mechanism of depletion layer 
establishment and destruction (DLED). Furthermore, we demonstrate a physical 
process of the DLED mechanism by the use of a quasi-static semiconductor finite 
element simulation. Our work may guide and accelerate future SLSGs into real 
applications. 
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With the rapid development of nanotechnology and microfabrication technology, 
ceaselessly miniaturized sensors and devices are emerging in vast numbers of 
applications in the internet of things, sensor networks, big data, personal health systems, 
artificial intelligence, etc. 1-5. Until now, these sensors and devices have been mostly 
powered by line cords, or by batteries and external chargers, and thus have been limited 
in applications 6,7 particularly in needs for independent, sustainable, maintain-free 
operations of implantable biosensors, remote and mobile environmental sensors, 
nano/micro-scale robots, portable/wearable person electronics, etc 7-10. Therefore, the 
above devices require new power supplies with general characteristics that are small, 
wireless, portable, and sustainable. 
 
As a promising solution to the above challenge, nanogenerators were proposed 
firstly in 2006 1 to converse weak and random mechanical energy from the environment 
and biological systems into electricity. Since then, many kinds of nanogenerators have 
been proposed, such as piezoelectric nanogenerators (PENGs) 1,11, triboelectric 
nanogenerators (TENGs) 12, and electret‐based microgenerators (EBMGs) 13. More 
recently, a new kind of nanogenerators, tribological Schottky generators (TSGs) that 
are based on relatively sliding Schottky junctions and the mechanism of friction 
excitation, has been proposed 14-17. Compared with previously proposed nanogenerators, 
TSGs have the advantages that can generate DC currents with much higher current 
densities and meanwhile have simpler structures, in addition to flexible material choices 
3,14,16. However, to the best of our knowledge all real setups of nanogenerators reported 
in the literature don’t simultaneously have a sufficiently high current density and a 
sufficiently long life for real applications 3,14. A fundamental, maybe the biggest, 
challenge is the contradiction between output current density and life due to the 
existence of friction and wear. For instance, the reported highest current densities were 
in the range of 104~107 Am−2 , generated by TSGs through rude frictions (with 
respect to normal pressures of 1~10 GPa) of nanotips on semiconductor substrate 
3,16,18. The corresponding lifes were extremely short (1~5 circles) 3,18. On the other hand, 
the reported longest lifes of TSGs were in the ranges of 3,600~10,000 circles 14,19, that 
correspond to slight frictions (with respect to normal pressures of 2~5 kPa) and generate 
too low current densities of 0.0055~0.13 Am−2 to most applications 14,19-21. 
 
Structural superlubricity (SSL) is a state of ultrallow friction and wearless between 
two solid surfaces 22. Since the first realization of microscale SSL in the atmospheric 
environment in 2012 23, in addition to the realizations of high speed SSL (25 m/s ~ 
293 m/s) 24,25, SSL has aroused interest in practical application, bringing a dawn for the 
revolutionary solution of friction and wear probems 22. As an application of SSL, 
several types of superlubric nanogenerators (SLNGs) based on capacitors or electrets 
were theoretically proposed recently by the authors 26. The results show that SLNGs 
promise to acheve the maximum electric current density of ~150 Am−2 at a sliding 
speed of 1 mm/s, that is three orders of magnitude higher than the maximum density 
of ~0.1 Am−2  of all reported TENGs 27 and PENGs 28, and have nearly 100% 
conversion efficiency and superb long lifetime. In this Letter, we demonstrate a 
superlubric Schottky generator (SLSG) as the first physical prototype of superlubric 
nanogenerators, which base on a new mechanism mostly like the depletion layer 
establishment and destruction (DLED) mechanism instead of friction excitation 
mechanism, that can generate a stable and high current density of ~119 Am−2 for at 
least 5,000 cycles. 
 
We take three steps to achieve the SLSG prototype. At the first step, we select a 
graphite flake that was cleaved by a shear from a square graphite mesa of the 
dimensions 4 μm ×  4μm ×  2.6μm  and has the self-retracting motion (SRM) 
property 29 (the Methods section and Supplementary Section 2 gives further details). 
The graphite mesa was made of a HOPG (highly ordered pyrolytic graphite) with an 
Au film of thickness 100 nm (the fabrication details are shown in Supplementary 
Section 1 and Method section). It is known that the cleaved surface (or the bottom 
surface) of a SRM flake is a single crystalline graphene sheet and is superlubric 30. 
 
At the second step, as illustrated in Fig. 1a, we transfer the above flake onto an 
atomic smooth surface of an n-type silicon with the doping concentration 𝑁D =
1015cm−3 that is coated with an Al electrode on the back of the film (the Method 
section gives the fabrication process). Because of the different work functions of the 
graphite flake and the n-type Silicon (n-Si) film, electrons will automatically transfer 
between the graphite and n-Si contacted surfaces to form a depletion layer, and 
therefore form a Schottky barrier when it reaches equilibrium (the Supplementary Fig. 
S3 gives its I-V characteristic curve). 
 
At the third step, we apply a normal force, 𝑁, on the top of the graphite-Au flake 
by a conductive AFM tip (coated with Au), which will generate a friction force, 
between the tip and the Au film. Then, we induce a relative sliding between the 
superlubric graphite surface and the smooth n-Si surface through a lateral motion of the 
piezoelectric displacement platform, as illustrated in Fig. 1b by the optical image of the 
experimental setup. A current measurement circuit is connected to the conductive AFM 
tip and the Al electrode coated on the bottom of the n-Si. When relatively sliding the 
graphite flakes against the n-Si, we measure the current in the external circuits, and 
meanwhile measure the friction force by the AFM's lateral force mode. 
 
The measured current is plotted in Fig. 1c for the first 2000 cycles as we relatively 
slide the graphite flake with displacement amplitude 2μm and speed 4μm/s under a 
normal force of 𝑁 = 22.3 μN  on the graphite flake (the Method section and 
Supplementary Section 3 gives further details, and the Supplementary video 1 gives the 
experimental demonstration). The results show that the current during each sliding 
cycle is nearly constant, and the current gradually increases with the number of sliding 
cycles (the noise current measurement in Supplementary Fig. S5, and the decay of the 
current after the graphite flake layered in Supplementary Fig. S6 confirms that the 
current is caused by the sliding of the graphite/n-Si interface). After that, we did a 
longer (around 5000 cycles) sliding test with the same normal force 𝑁 = 22.3 μN, but 
stepwise-increasing the sliding speed from 4μm/s to 24μm/s. As plotted in Fig. 1d, 
 
 
Fig. 1 | The output current and friction measurement of SLSG and the comparison with TSG. 
a, The structure of graphite/n-Si SLSG. b, The optical microscope observation of graphite/n-Si 
SLSG. c, The current maps in first 2000 cycles within grapite/n-Si SLSG. d, The relationship 
between friction and current 𝐼 with sliding cycles of graphite/n-Si SLSG in difference speed. e, 
The current maps in first 56 cycles within AFM tip/n-Si TSG, and the illustration is the experiment 
setup of AFM tip/n-Si TSG. f, The relationship between friction and average current 𝐼av with 
sliding cycles of AFM tip/n-Si TSG.  
 
the measured results show that the current (blue line), 𝐼, increases with the number of 
sliding cycles under different sliding speeds, the maximum current can reach around 
1.9 nA , and the maximum current density is 119 A/m2  for the contact area of 
4μm × 4μm, that is similar high as the maximum possible current density (~150 Am−2) 
at sliding speed of 1 mm/s of superlubric capacity nanogenerators allowed before 
electric breaking 26. In addition, the measured friction force (red line) has a decline 
process 31 in the first around 64 cycles, and has basically stabilized in the subsequent 
thousands of slides under different sliding speed (only slowly increasing with the 
sliding speed). Later on we shall show that the mechanism of generating electicity in 
the above-demonstrated SLSG is very impossible to be the friction excitation 
mechanism, but is most-likely the depletion layer establishment and destruction (DLED) 
mechanism 14,15. 
 
As a comparison, an experiment of sliding an AFM Au-tip of radius of curvature 
35 nm with the normal force 4.49 μN pressed on the same n-Si film is performed (the 
Method section and Supplemetary gives the futher details). The measured current 
versus sliding circles is plotted in Fig. 1e, with the insert indicating the experimental 
setup. The results show that the current of the AFM tip/n-Si tribological Schottky 
generator (TSG) is pulse, unlike the stable output of the graphite/n-Si SLSG shown in 
Fig. 1c. The average current, 𝐼av, per circle and the friction force versue circles are 
depicted in Fig. 1f. Although the 𝐼av  the tip/n-Si TSG can reach its momentary 
maximum value of around 15pA, it decays very quickly to ~1 pA at about 30th circle, 
which is three orders lower than that of SLSG at 5000th circle. On the other hand, the 
momentary maximum average current density can reach at ~4.0 × 104 Am−2 if we 
estimate the contact area of the tip as 𝐴 = ~340 nm2 according to the Derjaguin–
Muller–Toporov (DMT) contact model 32 (the Method section gives the futher details), 
which is two orders of magnitude larger than that of the SLSG (~119 Am−2).  
 
The above results are consistent with the reported very high current densities 
(104~107 Am−2) and extralow lifes (1~5 circles) in the literature 3,18 for all TSGs made 
of nanotip and semiconductor contacts, which reflect the nature of friction excitation. 
Attempts for high circle number tests of TSGs were made in terms of macroscale solid-
solid contacts, showing stable current densities (0.0055~0.13 Am−2) for large circles 
upto 3,600 ~ 10,000 14,19. However, the large circles are result of very low applied 
normal pressures (2~5 kPa), that correspond to low wear and pay the cost of low friction 
excitation 14,19-21. In all reported TSGs 3,14,16,18-21,33-35, serious of obvious wears were 
observea, and the mechanisim was mostly explained as the friction excitation 15-17. In 
this mechanism, during a sliding electrons or holes are generated due to the energy 
released by sliding friction and bonding interaction at the contacted surfaces 35, which 
changes the Fermi level of the semiconductor, and electrons or holes would be expelled 
out of the Shottky junction due to the built-in electric field to form DC current. As a 
consequence, the generated current density should increase with normal pressures or 
friction forces, as well as sliding speeds. These properties were experimentally 
confirmed 20, that support the friction excitation mechanism. 
 
In contrast, in the SLSG reported above the contact between the graphite flakes 
and n-Si in the SLSG is in the state of structural superlubricity (SSL). To verify this, 
we conducted a series of tribological tests between a 4μm × 4μm graphite flake with 
a two-dimensional single crystallinured surface (Fig. 2a) and the n-Si surface with an 
atomical smoothness (Fig. 2b), the whole experiment method is shown in Method 
section and Supplementary Section 5. The measured friction forces under various 
normal forces are plotted in Fig. 2c, showing an extralow friction coefficient of 
0.0039~0.0045. Furthermore, we cunducted an 6,000 circles sliding experiment for 
4μm × 4μm graphite flake on n-Si, the measured friction forces of the whole process 
are shown in Fig. 2d. It can be seen that the friction forces has basically stabilized in 
the range of 0.2~0.3𝜇𝑁 after the decline process 31 in the first around 600 cycles, which 
indicate that the SSL state between graphite flake and n-Si can stably exist for large 
sliding cycles. After the sliding experiment, we characterized the slided n-Si and 
graphite flake interface, where the morphology characterization result is shown in Fig. 
2e, we can calculate the roughness before and after 6,000 cycles sliding are ~112 pm 
and ~180 pm, respectively, which indicate there is no visible wear of slided n-Si 
surface. And the Raman characterization results at the different positions (points 1-9 
shown in the illustration of Fig. 2f) of slided graphite flake interface are shown in Fig. 
2f, there is no observable D peak (1350 cm−1), which indicate that there is no visible 
damage of graphite flake interface after 6,000 cycles sliding. Therefore, the above result 
confirms the wearless of SSL contact state between graphite flake and n-Si.   
 
 
Fig. 2 | The tribological tests between graphite flake and n-Si: a, The morphological 
characterization of the two-dimensional single crystallinured surface of graphite flake. b, The 
morphological characterization of the n-Si surface. c, The friction force under different normal 
forces with displacement amplitude 2μm and speed 4μm/s, where the blue points and red points 
correspond to the loading process and the unloading process, respectively, each point was tested 
40 times, which the friction coefficients are 0.0039 and 0.045, respectively. d, The measured friction 
force during the continuous 6000 cycles sliding process with displacement amplitude 4μm and 
speed 8μm/s under a normal force of 𝑁 = 23.8 μN. The illustration is a optical image of the 
experimental setup, and the yellow dashed frame is the sliding region. e, The morphological 
characterization of n-Si interface after 6000 sliding cycles, the red dashed frame in d is the 
characterization region. f, The Ramman characterization of the graphite flake interface after 6000 
sliding cycles, and the points 1-9 in the illustration represent the test posituion. 
  
 Now we show that the friction in our SLSG is too small to excite the electrons. 
According to the friction measurement of graphite/n-Si SLSG in Fig. 1d, the maximum 
friction force during the sliding process is about 𝑓max
(1)
= 0.55μN. Recently, it was 
proved that the friction in a superlubric contact is mainly occurring along the edges 
through the dangling bonds 36. By approximating the friction force to be evenly 
distributed along the edge, we estimate the friction force of each dangling bond, 𝑓0
(1)
, 
to be is: 𝑓0
(1)
≈ 𝑓max
(1)
𝑎/4𝐿 = 8.5 pN, where 𝑎 = 0.246nm is the lattice constant of 
two-dimensional graphite surface. Futher, we estimate the upper limit of friction energy 
Δ𝐸f
(1)
 generated by the interaction of each dangling bond with silicon atoms as 
Δ𝐸f
(1)
≈ 𝑓0
(1)𝑏 = 0.0287 eV, where 𝑏 = 0.543 nm is the lattice constant of silicon. 
By noting Δ𝐸f
(1)
≪ Δ𝐸g = 1.12 eV , where Δ𝐸g  is the band gap of silicon, we 
conclude that the mechanism of graphite/n-Si system SLSG is very impossible to be 
the friction excitation. 
 
In contrast, according to the friction measurement of AFM tip/n-Si TSG in Fig. 1f, 
the minimum friction force during the sliding process is about 𝑓min
(1)
= 1 μN. According 
to the Hertz’s contact theory 37,38, we can get the maximum contact normal stress to be 
1.5 times the average contact normal stress. By assuming that the friction shear stress 
is proportional to contact normal stress at the contact area 𝐴 of the tip, we can obtain 
the estimate of the maximum friction shear stress as 𝑃f = 1.5 × 𝑓min
(1)/𝐴 ≈ 4.37 GPa, 
the Supplementary Section 4 gives futher details. Accordingly, the lower limit friction 
energy Δ𝐸f
(2)
 is Δ𝐸f
(2)
= 𝑃f 𝑐
2𝑏 ≈ 2.46 eV, where 𝑐 ≈ 0.408 nm  is the lattice 
constant of Au. The result of Δ𝐸f
(2)
> Δ𝐸g confirms that the friction excitation should 
be the main mechanism of AFM tip/n-Si system TSG. 
 
 
Fig. 3 | The quasi-static semiconductor finite element simulation to explain the physical 
process of the EDDL mechanism when 𝚫𝒙 = 𝟎. 𝟓𝛍𝐦: a, The model structure diagram and 
physical process. b, The relationship between the output electron current along the bottom surface 
of N-Si. c, The relationship between the electron concentration distribution over time, where the 
white arrow represents the direction of the electron current, that is, the reverse direction of the 
electron motion. d, and e, are the distribution of the conduction band energy level (red), valence 
band energy level (blue) and quasi-electron Fermi level (gray) at the A1B1 cut line (𝑥 = 2.6 μm, 
corresponding to the position of the depletion layer establishment) and A2B2  cut line (𝑥 =
−2.1 μm, corresponding to the position of the depletion layer destruction) in a, respectively.  
 
In addition to the friction excitation mechanism, there is another conjectured 
mechanism of Schottky generators called depletion layer establishment and destruct 
(DLED) 14,15. When a metal contacted with an n-Silicon (n-Si), electrons will transfer 
from the n-Si to the metal 39. Consequently, a positively charged region is formed in 
the n-Si which is the depletion layer, and the built-in electric field is generated 
accordingly. In the DLED mechanism it is assumed that sliding the metal will cause the 
head depletion layer to establish and the tail depletion layer to destruct, and thereby 
form a built-in electric field separation, which would cause the diffusing carriers emit 
to form DC current 14,15. Nevertheless, there were neither experimental, nor theoretical 
proof of the DLED mechanism until the present work. To explain the experimental 
observation of our SLSG, we have excluded the friction excitation mechanism in the 
aforementioned part of this Letter. Hereinafter we show that the DLED is more likely 
the mechanism of our SLSG. 
 
Since it is still lack of analyzing the electronic dynamic transportation behavior of 
the continuous sliding contact in SLSG, we perform a quasi-static finite element 
simulation. As illustrate in Fig. 3a, the model consists of a slider (length 4μm and 
height 1μm) at the top and a much larger stator (length 20μm and height 10μm) at 
the bottom. The stator is made of n-Si with a doping concentration of 𝑁D = 10
15cm−3. 
The slider is made of a heavily doped p+-Si as an equivalent metal (The depletion layer 
penetrates primarily into the n-Si, and the width of depletion in the p+-Si can be 
neglected, which is similar to metal/semiconductor contact, the Supplymentary Fig. 10 
gives futher details). The top surface of the slider and the bottom surface of the stator 
are conductively connected through an external circuit series with a resistance 𝑅 =
10kΩ (the simulation results under different resistances are shown in Supplementary 
Fig. S13), and the potential of the bottom surface of the stator is set to be 0. Firstly, we 
simulate the electron and hole distribution when the Schottky diode is formed by the 
slider and stator (The results are shown in Supplementary Fig. S10). After equilibrium, 
we move the upper slider with a displacement of Δ𝑥 = 0.5μm  with a contrived 
constraint that the electron distributions of both the slider and the stator would not 
change, as shown in Fig. 3a. When removing the constraint, the unbalanced electric 
field will drive the electrons to flow along the external circuit and inside the slider and 
stator, and finally reach a new equilibrium state. Fig. 3b shows the output electron 
current 𝐼n along the bottom surface of stator with time. It can be seen that there is a 
large current in the short period of time (𝑡 < 2.3 ps) when the simulation starts with 
the direction of the current as shown by the blue arrow in Fig. 3a, which is opposite to 
the direction of electron movement and consistent with the direction of current 
measured in Fig. 1. The current will change the direction at 𝑡 = 2.3 ps and gradually 
decay to zero. In order to further explain the cause of this current, we draw the electron 
concentration distribution at different time in Fig. 3c (the electric potential distribution 
is shown in Supplementary Fig. S12), where the white arrow represents the direction 
of the electron current, that is, the reverse direction of the electron motion. The 
conduction band energy level (red), valence band energy level (blue) and electron 
quasi-fermi level (gray) at A1B1 and A2B2 in Fig. 3c are shown in Figs. 3d and e, 
corresponding to the position of the establishment (𝑥 = 2.6 μm) and destruction (𝑥 =
−2.1 μm) of the depletion layer, respectively (the electric field in the y direction of 
A1B1 and A2B2 are shown in Supplementary Figs. S12b and c). When 𝑡 = 0 ps, the 
separation of buld-in electric field will bend the energy band of A1B1 and A2B2 at 
the bottom surface of stator, which cause the electrons to drift and move out along the 
bottom surface of stator. Therefore, 𝐼n at 𝑡 = 0 ps is mainly contributed by the drift 
motion of the electron due to the unbalanced electric field, and the degree of the energy 
band bending decreases when 𝑡 = 1 ps shown in Figs. 3d and e, which explains the 
attenuation of 𝐼n when 0 ps < 𝑡 < 2.3 ps in Fig. 3b. When 𝑡 > 2.3 ps, that is the 
energy band in 𝑡 = 3 ps shown in Figs. 3d and e, the energy band bending near the 
bottom surface of the stator disappears, and only appears near the depletion layer, that 
is, the electrons are mainly transferred inside to reach equilibrium rather than the 
external circuit. At last, when 𝑡 = 27 ps, as shown in Figs. 3d and e, the whole region 
reaches a new equilibrium state, which 𝐼n decays to zero, and the energy band of the 
A1B1 and A2B2 cut lines converges to a new static equilibrium distribution (the quasi 
fermi levels are equal).  
 
In sum, the above simulation gives a physical image to verify the feasibility and 
rationality of the EDDL mechanism. This physical image indicates that the output 
current is mainly contributed by the electron drift motion caused by the non-equilibrium 
electric field during the movement of slider. The relaxation time of the simulation 
process is much shorter than the characteristic time of the movement, which means the 
main contribution of the output current is the drift current corresponding to the initial 
time (𝐼n(𝑡 = 0)) in Fig. 3b when we give a continuous movement to slider. 
 
 
Fig. 4 | The comparison of SLSG and all reported TSGs 3,14,16,19-21,33,40-42: a, The relationship 
between current density 𝐽 and lifetime 𝑇, where different shapes and colors of dots represent 
different contact mode, and the black and red dotted line indicate the power exponential fitting of 
all points and three upper right points of reported TSG, respectively. b, The transfer charge density 
𝑞, which is the integral of the current density over the time in lifepan (𝑞 = ∫ 𝐽𝑑𝑡
𝑇
0
), of all reported 
TSG and SLSG. 
 
Before conclude this paper, we make a comparison between SLSG and all other 
reported TSGs to illustrate the advantages of SLSG. First of all, we divided the all 
reported TSGs into nano tip 3,16, macro tip 3,16,33,40,41 and surface contact 14,19-21,42 TSGs 
according to its contact area (more details describtion are shown in Supplementary 
Section 7), and the statistic current density 𝐽  and working lifetime 𝑇  reported in 
literature are shown in Fig. 4a. It can be seen that there is a contradiction between the 
current density and life time of all reported TSGs. For example, the nano tip 3,16 TSG 
with highest current densities tend to have lowest lifestime, and our experiments in Figs. 
1e and 1f are also confirm this feature (red point ploted in Fig. 4a). Futher, we fit all 
the points and three upper right points of reported TSGs to get the black and red line, 
respectively, and the point obtained by the SLSG experiment is at the upper right of the 
two lines, which means that it has relied on this contradiction and achieved the both 
high current density and lifetime. Secondly, we integrate the current density over time 
in lifepan to get the transfer charge density 𝑞 = ∫ 𝐽𝑑𝑡
𝑇
0
 of the all reported TSGs and 
SLSG, shown in Fig. 4b, which indicate the working capacity. It can be seen that SLSG 
has larger transfer charge density compare to mostly reported TSGs, and we believe 
that the achievable transfer charge density of SLSG should be larger or substantively 
unlimited because no current decay and wear were observed during the entire 
experiment. 
 
To conclusion, we demonstrate the first prototype of a superlubric nanogenerator, 
namely a superlubric Schottky generator (SLSG) in microscale, that was made of a 
microscale graphite flake and an n-type silicon (n-Si). This SLSG can stably generate 
a DC electrical current for at least 5,000 cycles with a high density of ~119 Am−2, 
which is three orders of magnitude higher than those of any TENGs (the highest 
reported current density is ~0.1Am−2 27) and PENGs (the highest current density is 
~0.01Am−2 28). Further, the fact that no observable wear and and current decay in the 
SLSG were found may imply substantially unlimited life of the SLSG. Our SLSG is 
thus the first nanogenerators that can have a high and staby efficiency and ultralong or 
unlimited life. In comparison, although Schottky generators based on friction excitation 
can generate momentary higher current density (104~107 Am−2), they paid the cost of 
high wears and consequently very short lifes (a few to a dozens of circles). In addition, 
our work provides also a direct and experimental proof of the conjectured EDDL 
mechanism, and a theoretical and quantitative explanation of the EDDL process. These 
experimental and theoretical results may guide and accelerate the SLSG into real 
applications. 
 
Reference 
1 Wang, Z. L. & Song, J. H. Piezoelectric nanogenerators based on zinc oxide 
nanowire arrays. Science 312, 242-246, doi:10.1126/science.1124005 (2006). 
2 Li, A., Zi, Y., Guo, H., Wang, Z. L. & Fernandez, F. M. Triboelectric 
nanogenerators for sensitive nano-coulomb molecular mass spectrometry. 
Nature Nanotechnology 12, 481-487, doi:10.1038/nnano.2017.17 (2017). 
3 Liu, J. et al. Direct-current triboelectricity generation by a sliding Schottky 
nanocontact on MoS2 multilayers. Nature Nanotechnology 13, 112-+, 
doi:10.1038/s41565-017-0019-5 (2018). 
4 Qin, Y., Wang, X. & Wang, Z. L. Microfibre-nanowire hybrid structure for 
energy scavenging (vol 451, pg 809, 2008). Nature 457, 340-340, 
doi:10.1038/nature07628 (2009). 
5 Yang, R., Qin, Y., Dai, L. & Wang, Z. L. Power generation with laterally 
packaged piezoelectric fine wires. Nature Nanotechnology 4, 34-39, 
doi:10.1038/nnano.2008.314 (2009). 
6 Shao, H., Tsui, C.-Y. & Ki, W.-H. The Design of a Micro Power Management 
System for Applications Using Photovoltaic Cells With the Maximum Output 
Power Control. Ieee Transactions on Very Large Scale Integration (Vlsi) 
Systems 17, 1138-1142, doi:10.1109/tvlsi.2008.2001083 (2009). 
7 Wang, Z. L. & Wu, W. Nanotechnology-Enabled Energy Harvesting for Self-
Powered Micro-/Nanosystems. Angewandte Chemie-International Edition 51, 
11700-11721, doi:10.1002/anie.201201656 (2012). 
8 Fan, F. R., Tang, W. & Wang, Z. L. Flexible Nanogenerators for Energy 
Harvesting and Self-Powered Electronics. Advanced Materials 28, 4283-4305, 
doi:10.1002/adma.201504299 (2016). 
9 Mahmud, M. A. P., Huda, N., Farjana, S. H., Asadnia, M. & Lang, C. Recent 
Advances in Nanogenerator-Driven Self-Powered Implantable Biomedical 
Devices. Adv. Energy Mater. 8, 25, doi:10.1002/aenm.201701210 (2018). 
10 Proto, A., Penhaker, M., Conforto, S. & Schmid, M. Nanogenerators for Human 
Body Energy Harvesting. Trends Biotechnol. 35, 610-624, 
doi:10.1016/j.tibtech.2017.04.005 (2017). 
11 Gao, P. X., Song, J., Liu, J. & Wang, Z. L. Nanowire piezoelectric 
nanogenerators on plastic substrates as flexible power sources for nanodevices. 
Advanced Materials 19, 67-+, doi:10.1002/adma.200601162 (2007). 
12 Wang, Z. L. Triboelectric Nanogenerators as New Energy Technology for Self-
Powered Systems and as Active Mechanical and Chemical Sensors. Acs Nano 
7, 9533-9557, doi:10.1021/nn404614z (2013). 
13 Nguyen, C. C., Ranasinghe, D. C. & Al-Sarawi, S. F. Analytical modeling and 
optimization of electret-based microgenerators under sinusoidal excitations. 
Microsystem Technologies-Micro-and Nanosystems-Information Storage and 
Processing Systems 23, 5855-5865, doi:10.1007/s00542-017-3349-1 (2017). 
14 Lin, S., Lu, Y., Feng, S., Hao, Z. & Yan, Y. A High Current Density Direct-
Current Generator Based on a Moving van der Waals Schottky Diode. Advanced 
Materials 31, doi:10.1002/adma.201804398 (2019). 
15 Angulo, M. T., Moog, C. H. & Liu, Y. Y. A theoretical framework for 
controlling complex microbial communities. Nature Communications 10, 12, 
doi:10.1038/s41467-019-08890-y (2019). 
16 Liu, J. et al. Sustained electron tunneling at unbiased metal-insulator-
semiconductor triboelectric contacts. Nano Energy 48, 320-326, 
doi:10.1016/j.nanoen.2018.03.068 (2018). 
17 Cheng, J. et al. Triboelectric microplasma powered by mechanical stimuli. 
Nature Communications 9, doi:10.1038/s41467-018-06198-x (2018). 
18 Liu, J. et al. Separation and Quantum Tunneling of Photo-generated Carriers 
Using a Tribo-Induced Field. Matter 1, 650-660, 
doi:10.1016/j.matt.2019.05.017 (2019). 
19 Lu, Y. et al. Direct-Current Generator Based on Dynamic PN Junctions with 
the Designed Voltage Output. Iscience 22, 58-+, doi:10.1016/j.isci.2019.11.004 
(2019). 
20 Xu, R. et al. Direct current triboelectric cell by sliding an n-type semiconductor 
on a p-type semiconductor. Nano Energy 66, 
doi:10.1016/j.nanoen.2019.104185 (2019). 
21 Liu, U. et al. Tribo-Tunneling DC Generator with Carbon Aerogel/Silicon 
Multi-Nanocontacts. Advanced Electronic Materials, 
doi:10.1002/aelm.201900464 (2019). 
22 Hod, O., Meyer, E., Zheng, Q. & Urbakh, M. Structural superlubricity and 
ultralow friction across the length scales. Nature 563, 485-492, 
doi:10.1038/s41586-018-0704-z (2018). 
23 Liu, Z. et al. Observation of Microscale Superlubricity in Graphite. Physical 
Review Letters 108, doi:10.1103/PhysRevLett.108.205503 (2012). 
24 Yang, J. et al. Observation of High-Speed Microscale Superlubricity in 
Graphite. Physical Review Letters 110, doi:10.1103/PhysRevLett.110.255504 
(2013). 
25 Peng, D. et al. Load-induced dynamical transitions at graphene interfaces. 
Proceedings of the National Academy of Sciences of the United States of 
America 117, 12618-12623, doi:10.1073/pnas.1922681117 (2020). 
26 Huang, X., Lin, L. & Zheng, Q. Theoretical Study of Superlubric 
Nanogenerators with Superb Performances. Nano Energy, 104494 (2020). 
27 Wang, Z. L. On Maxwell's displacement current for energy and sensors: the 
origin of nanogenerators. Materials Today 20, 74-82, 
doi:10.1016/j.mattod.2016.12.001 (2017). 
28 Wang, Z. L., Chen, J. & Lin, L. Progress in triboelectric nanogenerators as a 
new energy technology and self-powered sensors. Energy & Environmental 
Science 8, 2250-2282, doi:10.1039/c5ee01532d (2015). 
29 Zheng, Q. et al. Self-retracting motion of graphite microflakes. Physical Review 
Letters 100, doi:10.1103/PhysRevLett.100.067205 (2008). 
30 Wang, K., Qu, C., Wang, J., Quan, B. & Zheng, Q. Characterization of a 
Microscale Superlubric Graphite Interface. Physical Review Letters 125, 
doi:10.1103/PhysRevLett.125.026101 (2020). 
31 Deng, H., Ma, M., Song, Y., He, Q. & Zheng, Q. Structural superlubricity in 
graphite flakes assembled under ambient conditions. Nanoscale 10, 14314-
14320, doi:10.1039/c7nr09628c (2018). 
32 Park, J. Y. & Salmeron, M. Fundamental Aspects of Energy Dissipation in 
Friction. Chemical Reviews 114, 677-711, doi:10.1021/cr200431y (2014). 
33 Hao, Z. et al. Co-harvesting Light and Mechanical Energy Based on Dynamic 
Metal/Perovskite Schottky Junction. Matter 1, 639-649, 
doi:10.1016/j.matt.2019.05.003 (2019). 
34 Lin, S. et al. Surface States Enhanced Dynamic Schottky Diode Generator with 
Extremely High Power Density Over 1000 W m(-2). Advanced Science 6, 
doi:10.1002/advs.201901925 (2019). 
35 Zheng, M., Lin, S., Xu, L., Zhu, L. & Wang, Z. L. Scanning Probing of the 
Tribovoltaic Effect at the Sliding Interface of Two Semiconductors. Advanced 
Materials 32, doi:10.1002/adma.202000928 (2020). 
36 Qu, C., Wang, K., Wang, J. & Zheng, Q. Origin of friction in superlubric 
graphite contacts. Physical Review Letters (2020). 
37 Wen, S. & Huang, P. Principles of tribology.  (Wiley Online Library, 2012). 
38 Johnson, K. L. & Johnson, K. L. Contact mechanics.  (Cambridge university 
press, 1987). 
39 Zhang, Z. & Yates, J. T., Jr. Band Bending in Semiconductors: Chemical and 
Physical Consequences at Surfaces and Interfaces. Chemical Reviews 112, 
5520-5551, doi:10.1021/cr3000626 (2012). 
40 Lu, Y. et al. Tunable Dynamic Black Phosphorus/Insulator/Si Heterojunction 
Direct-Current Generator Based on the Hot Electron Transport. Research 2019, 
doi:10.34133/2019/5832382 (2019). 
41 Lu, Y. et al. Interfacial Built-In Electric Field-Driven Direct Current Generator 
Based on Dynamic Silicon Homojunction. Research 2020, 
doi:10.34133/2020/5714754 (2020). 
42 Zhang, Z. et al. Tribovoltaic Effect on Metal-Semiconductor Interface for 
Direct-Current Low-Impedance Triboelectric Nanogenerators. Adv. Energy 
Mater. 10, doi:10.1002/aenm.201903713 (2020). 
 
Method 
Preparation of graphite-Au flake. We firstly fabricate square graphite mesa arrays 
with Au film on highly ordered pyrolytic graphite (HOPG, ZYB grade (Brucker) 43). 
The fabrication process is shown in Supplementary Fig. S1a, we firstly spin on a layer 
of photoresist on the fresh cleavage surface of the HOPG (i), and then remove the 
photoresist of the mesa array area by electron beam lithography (ii). Secondly, we 
obtain the Au array film with thickness of 100nm through electron beam evaporation 
(iii) and lift-off (iv) process. Lastly, we use metal as a mask to obtain graphite mesa 
with Au film by reactive ion etching (oxygen ions) process (v), where the etching depth 
is 2.5 μm. The characterizations of fabricated graphite mesa with Au film are shown in 
Fig. S1b. In order to form the SLSG structure shown in Fig. 1a, we need to transfer 
graphite-Au flake with single crystal superlubric interface to the n-Si surface, and the 
specific process is shown in Supplementary Fig. S2 and Section 2. We use a tungsten 
microtip controlled by a micromanipulator (Kleindiek MM3A) as validated by optical 
microscopy (HiRox KH-3000) to apply a shear stress until they split along their vertical 
direction, We determine whether the sheared graphite-Au flake undergoes self-
recovery motion (SRM) 29 to determine whether it has a single crystal superlubric 
interface 30.  
 
Preparation of n-Si. For the fabrication of n-Si, we use electron beam evaporation to 
deposit a layer of 100nm Al on one side of a 4-inch, 200um thick, double-polished 
silicon wafer with a <100> crystal plane, then use the wafer scriber to cut into small 
pieces of 1cm × 1cm size, soak the each piece in BOE (Buffered oxide etch) solution 
for 15 minutes to remove the oxide layer on the surface of n-Si, and finally clean with 
acetone, alcohol, and deionized water, encapsulate with vacuum. 
 
SLSG formation. We use the microtip to drag the dangling graphite flake controlled 
by the micromanipulator (Kleindiek MM3A), and place it slowly by micromanipulator 
on the atomically smooth fabricated n-Si surface, at this time, since the adsorption force 
of the graphite flake and n-Si is larger than that of the microtip and graphite flake, the 
graphite island will remain on the n-Si surface, as shown in Supplementary Fig. S2f, 
which form the SLSG structure shown in Fig. 1a. In order to verify that the contact 
formed by the graphite-Au flake and n-Si is Schottky contact, we performed a static 
current-voltage (I-V) characteristic measurement on the transferred SLSG structure in 
Supplementary Fig. S2f through NT-MDT AFM system. The detailed experimental and 
fitting results are shown in Supplementary Fig. S3. 
 
Friction and current measurements. The friction and current measurements of the 
graphite/n-Si heterostructures were performed under an ambient atmosphere 
(temperature of 25 °C and relative humidity of 29 %). The experimental set-up included 
a commercial NTEGRA upright AFM (NT-MDT), a 100 μm  XYZ piezoelectric 
displacement platform, a high numerical aperture objective lens (× 100 (Mitutoyu)) 
and visualized conductive AFM tip (ACCESS-NC-GG(Appnano)). Fig. 1a shows the 
schematic of the experimental set-up. We can accurately press the AFM tip on the Au 
cap of the graphite flake through the optical microscope. The AFM tip was calibrated 
in situ by the Sader method 44,45 for the normal direction force and the diamagnetic 
levitation spring system 46 for the lateral direction force, the specific results of the 
calibration process are shown in the Supplementary Fig. S4. The bottom Al film of the 
n-Si is grounded through the iron stage, and the conductive AFM tip is also grounded 
by connecting a precision ammeter, which can accurately measure the current through 
AFM tip in the sliding process, and the noise current measurement of NT-MDT AFM 
system is shown in Supplementary Fig. S5a, which is basically maintained at the order 
of 1pA. 
 
The contact area calculation of AFM tip/n-Si TSG. For AFM tip/n-Si TSG, the DMT 
model can best approximate the contact between the AFM tip and the hard poorly 
adhesive material. According to the DMT model 32, the contact area 𝐴 is given by: 
𝐴 = 𝜋 (
𝑅
𝐾
(𝐹N + 2𝜋𝑅𝛾))
2
3
, (1) 
where 𝑅 is AFM tip radius, 𝐹N is the normal force apply to the AFM tip, γ is the 
energy of adhesion, the term 2𝜋𝑅𝛾 can be considered as an additional load, which is 
determined by the “pull-off” force in the force curve, and 𝐾 =
3
4
(
1−𝜈s
2
𝐸s
+
1−𝜈t
2
𝐸t
) is the 
reduced Young's modulus, where 𝐸t and 𝐸s are Young's moduli, and 𝜈t and 𝜈s are 
the Poisson ratios of the tip and the sample, respectively, and the calculation details as 
shown in Supplementary Section 4. Since the “pull-off” force is much smaller than the 
normal force apply to AFM tip (2𝜋𝑅𝛾 ≪ 𝐹N), we can use Hertz contact model 
37,38 
replace the DMT contact model 32 to consider the normal pressure distribution , as 
details in Supplementary Section 4, the maximum friction shear stress of the contact 
region is 𝑃f =
3
2
𝑓
𝐴
, and 𝑓 is the measured friction force. 
 
Surface characterization method of tribological experiment. Here, we will show the 
main process and method of the experiment in Fig. 2. The first step is to use the Asylum 
Research Cypher S AFM in tapping mode to characterize the topography of the 
interface (Fig. 2a) of selected graphite flake with SRM 29 property through flip 180 
degree of microtip after the microtip adsorbs the graphite flake (Supplementary Fig. 
S2e) before placing it on the n-Si surface (Supplementary Fig. S2f), and characterize 
the topography of n-Si surface (Fig. 2b) at the same time. For the second step, we use 
the lateral force measurement system of AFM (NT-MDT) to measure the coefficient of 
friction (Fig. 2c), and then measure the friction force of 6,000 cycles sliding process 
(Fig. 2d). For the third step, we firstly use Asylum Research Cypher S AFM in tapping 
mode to perform a larger range morphological characterization and find the position of 
the graphite-Au flake as shown in Supplementary Fig. S8, that is, and further 
characterize the small sliding region of n-Si through the positioning function of AFM,  
to judge whether there is any observable damage (Fig. 2e). And we use the method 
shown in Supplementary Fig. S9 to lift the graphite-Au flake by overcoming the van 
der Waals adsorption force between graphite-Au flake and n-Si interfaces, and flip 180 
degree of microtip to perform the Raman characterization on the flipped slided 
graphite-Au flake interface (Fig. 2f), to judge whether there is any observable damage 
from whether there is a D peak (1350 cm−1). 
 
The setup of quasi-static simulation of DLED mechanism. The geometric 
parameters and boundary conditions of the model are set as shown in Supplementary 
Fig. S10a, the model consists of a slider (length 4μm and height 1μm) at the top and 
a much larger stator (length 20μm and height 10μm) at the bottom. The stator is 
made of n-Si with a doping concentration of 𝑁D = 10
15cm−3. The slider is made of a 
heavily doped p+-Si with a doping concentration of 𝑁𝐴 = 2 × 10
19 cm−3  as an 
equivalent metal. is set to a continuous heterojunction condition 
𝐸fn
(1) = 𝐸fn
(2),
𝐸fp
(1) = 𝐸𝑓p
(2),
𝑫𝟏⃗⃗⃗⃗  ⃗ = 𝑫𝟐⃗⃗⃗⃗  ⃗,
(2) 
where 𝐸fn
(𝑖) and 𝐸fp
(𝑖)
 (𝑖 = 1,2 represents the slider and stator) are the fermi levels of 
electrons and holes respectively. The top surface of the slider and the bottom surface of 
slider are set to metal contact boundary, which are conductively connected through an 
external circuit series with a resistance 𝑅, the potential of the bottom surface of stator 
is set to be 0, and the potential of the top surface of the slider 𝑉1  is determined 
according to the continuous conditions of the external current 𝐼R flowing through the 
resistance  
𝑉1 = 𝐼R𝑅,
𝐼𝑅 = ∬𝐼n𝑑𝑆 ,
(3) 
where 𝐼n  is the normal current on the bottom surface of the stator. The potential 
distribution 𝑉 in the semiconductor satisfies the Poisson equation  
∇ ∙ (𝜀∇𝑉) = 𝑞(𝑛 − 𝑝 − 𝑁𝐷 + 𝑁𝐴), (4) 
where 𝜀  is the permittivity, 𝑛  and 𝑝  are the electron and hole concentration 
respectively. The relationship between carrier concentration and energy band is given 
by statistical theory 
𝑛 = 𝑁c exp (−
𝐸c − 𝐸fn
𝑘𝑇
) ,
𝑝 = 𝑁v exp (
𝐸v − 𝐸fp
𝑘B𝑇
) ,
𝐸c = −𝜒n−Si − 𝑞𝑉,
𝐸v = −𝜒n−Si − 𝐸g − 𝑞𝑉,
(5) 
where 𝑁c = 2(
2𝜋𝑚e
∗𝑘B𝑇
ℏ2
)
3
2
 and 𝑁v = 2(
2𝜋𝑚h
∗ 𝑘B𝑇
ℏ2
)
3
2
 are the thermally excited state 
density of electron and hole, 𝐸c and 𝐸v are the conduction band and valence band 
energy levels, 𝐸g = 1.12 eV is the band gap of silicon. By solving equations Eq. (4) 
and Eq. (5), we can get the potential distribution and carrier concentration distribution 
in the semiconductor, and further, we can calculate the electron and hole currents (𝑱𝐧⃗⃗  ⃗ 
and 𝑱𝐩⃗⃗  ⃗) by the drift diffusion model 
𝑱𝐧⃗⃗  ⃗ = −𝑞𝑛𝜇n∇𝑉 + 𝑞𝐷n∇𝑛,
𝑱𝐩⃗⃗  ⃗ = −𝑞𝑛𝜇p∇𝑉 + 𝑞𝐷p∇𝑝,
∇ ∙ 𝑱𝐧⃗⃗  ⃗ = 𝑞
𝜕𝑛
𝜕𝑡
,
∇ ∙ 𝑱𝐩⃗⃗  ⃗ = −𝑞
𝜕𝑝
𝜕𝑡
,
(6) 
where 𝜇n and 𝐷n are the electron mobility and diffusion coefficient respectively, the 
𝜇p and 𝐷p are the hole mobility and diffusion coefficient respectively.  
 
The simulation process. The whole quasi-static simulation process will be divided into 
three steps: Step 1: we simulate the electron and hole distribution when the Schottky 
diode is formed to reach static equilibrium (Δ𝑥 = 0) by the slider and stator. Step 2: 
After equilibrium, we move the upper slider with a displacement of Δ𝑥 = 0.5μm with 
a contrived constraint that the electron distributions of both the slider and the stator 
would not change, as shown in Fig. 3a and Supplementary Fig. S10a, and the carrier 
distribution has reached a non-equilibrium state. Step 3: We remove the constraint and 
start the transient simulation with the state of the step 2 as the initial condition, to 
simulate the transport process of carriers, electric potential distribution and related 
parameters (energy band distribution of cutline A1B1 and A2B2) over time. 
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